Magnetic separation is a very useful tool in medicine manufacturing and sludge disposal, and we have developed the magnetic chromatography system, which separates the magnetic particles or the ions from fluid due to its strong magnetic field gradients in the very small flow channel. There are many fine ferromagnetic wires on the wall of the developed magnetic column. A superconducting magnet applies a strong magnetic field to the magnetic column, and fine ferromagnetic wires make strong magnetic field gradients. It was, however, impossible to accurately evaluate the performance of the developed magnetic column due to the absence of a good simulation method. In order to enhance the accuracy of the simulation, it is necessary to couple the fluid dynamics simulation with the magnetic field simulation. Therefore, we have developed a simulation code dealing with the fluid dynamics, solving Navier-Stokes, control volume, and magnetic field equations simultaneously, and compared the simulation result to the experimental one to verify the validity.
I. INTRODUCTION

M
AGNETIC separation is a very useful system for the fine magnetic particle or/and ion separation due to the strong magnetic field gradient in a very small flow channel. Many systems with the magnetic separation have been investigated and developed, e.g., for medicine manufacturing, sludge disposal, and drag delivery [1] - [5] . We have developed a magnetic chromatography system prototype with a novel magnetic column, which uses strong magnetic field gradients for separating magnetic particles with different magnetic susceptibilities in a small flow channel [6] , [7] . Fine ferromagnetic wires are located on the wall of the flow channel inside the magnetic column. Therefore, the magnetic particles with large magnetic susceptibility are extracted in the radial direction of the flow channel and concentrated around the channel wall, and the flow velocity close to the channel wall is almost zero. The magnetic particles with small magnetic susceptibility go through the flow channel with less attraction for the channel wall. Thus, the distribution of the magnetic particle concentration in radial direction would be different, and the exhaustion time must be also different.
In order to evaluate the performance of the magnetic column, a simulation method to analyze the fluid flow and the magnetic field is required. However, the design of magnetic separation system was based on the computation of only the magnetic field gradients, not considering the fluid flow [3] , [5] , [8] - [12] . On the other hand, the fluid flow was simulated based on the 2-D fluid dynamics analysis with a simplified magnetic field analysis [6] , [7] . The magnetic field analysis is done only once before simulating the time-varying fluid flow, though the timevarying concentration of the magnetic particles affects the magnetic field distribution and its gradients. That is, it is impossible to accurately evaluate the performance of the magnetic column and to accurately simulate the ferrohydrodynamics due to the absence of good analysis methods. Hence, an analysis method considering both ferrohydrodynamics and magnetic field equations is strongly desired. We have developed the simulation code to analyze the magnetic fluid flow, taking into account Navier-Stokes, control volume, and magnetic field equations simultaneously. The Navier-Stokes equation represents the flow of the magnetic fluid. The concentration of the magnetic particles considering its diffusion is given by the control volume equation. The magnetic field has to be solved since its gradient changes as the concentration of the magnetic particles changes. Finally, we have compared the simulation result to the experimental one to verify the validity of the simulation method.
II. NUMERICAL SIMULATION METHOD
A. Magnetic Field Simulation
The magnetic force on a fine magnetic particle is given by [13] , [14] ( 1) where , , and are the permeability in the free space, the magnetization of the magnetic particle, and the magnetic field, respectively. The magnetic field gradient, which is generated by fine ferromagnetic wires on the channel wall in this study, generates the magnetic force. The strength of the magnetic force depends on the susceptibility of the magnetic particle and the magnetic field gradient.
The magnetic field is solved by the magnetic moment method [15] , [16] . The magnetization is obtained from (2) 0018-9464/$26.00 © 2011 IEEE where and are the position vector, the susceptibility, and the magnetic field generated by the superconducting magnet, respectively. The magnetic field is obtained substituting for
In the magnetic field analysis, it is assumed that the magnetization of the particle is parallel to the magnetic field and the angular momentum of the particles does not exist. In this paper, the magnetic moment method is adequate since the scale of the superconducting magnet is much different from that of the magnetic fluid. That is, the integral method is more accurate than the domain method, such as finite element method.
In the magnetic moment method, the tetrahedral element is employed, and the magnetization is constant in element. The magnetic field at the vertices of tetrahedron is also obtained from (2) . The magnetic force of (1) is given by the obtained magnetization in an element and the magnetic field at its vertices.
The magnetization of the magnetic particle is given by [14] ( 4) where is the concentration of the magnetic particles, the saturation magnetization, the Langevin function, the Boltzmann constant, the absolute temperature, and , where is the volume of a magnetic particle. The magnetic susceptibility is dependent on the size of magnetic particle, but in this study, the magnetic field is so strong that the Langevin function is almost equal to 1.0. That is, the magnetization of the magnetic fluid is proportional to the concentration of the magnetic particles.
B. Navier-Stokes Simulation
The fluid velocity in the flow channel is obtained by solving the Navier-Stokes equation [14] , [17] ( 5) where , , and are the fluid density, the composite pressure, and the coefficient of viscosity, respectively. The angular momentum of the particles is ignored. The second term in right side, the magnetic force, is computed from the magnetic field analysis, mentioned above. The Navier-Stokes equation is solved by the stabilized finite element, that is the streamline upwind/Petrov-Galerkin and Pressure stabilizing/Petrov-Galerkin method, popular in the field of dynamic fluid simulation [17] . The common tetrahedral element is employed with the magnetic field analysis in this paper.
C. Control Volume Simulation
The governing equation of the control volume is (6) where and are the scalar diffusion constant and the scalar source term, respectively. The fluid velocity is obtained from the Navier-Stokes equation. The concentration of the magnetic particles is given by solving (6), taking into account the diffusion of the magnetic particles in the fluid. The concentration is fed back to computing the magnetization of the magnetic particles in (4). The ordinary finite element method with the common tetrahedral elements is used in this paper.
D. Simulation Algorithm
For accurately simulating the fluid flow with the magnetic particles in the magnetic column, the Navier-Stokes, the control volume, and the magnetic field equations are solved simultaneously. Fig. 1 shows the flowchart of the simulation combining the fluid dynamics and the magnetics. At first, the magnetization of the magnetic particles and the magnetic field is obtained by solving (2)-(4). Substituting the obtained magnetization and magnetic field into (5), the fluid velocity and the composite pressure are computed. Then, the concentration of the magnetic particles is computed by solving (6) with the obtained fluid velocity. A series of simulations are repeated until the analysis time ends.
III. EXPERIMENT
In order to confirm the validity of the simulation method mentioned, the simulation results were compared to experimental ones. The detail of the experimental setup was reported in [6] and [7] . Fig. 2 shows the magnetic column in this paper. The fine ferromagnetic wires of 0.2 mm width are alternately located on the upper and lower walls of the flow channel inside the magnetic column, which is made of 7% nickel and 93% cobalt. The body of the magnetic column is made of nonmagnetic stainless steel. The fluid with the magnetic particle flows through the flow channel of 10 mm width and 0.17 mm height. The superconducting magnet applies 2.0 T magnetic field to the column.
IV. SIMULATION RESULTS
A. Simulation Conditions
The flow channel is too long to simulate within a realistic computation time, so 1/10 of the average length of the flow channel is modeled. Table I shows the numbers of nodes and elements. The time-step is 0.1 ms. The magnetic particles are collectively taken into account in each element since it was assumed that the magnetization of the magnetic particle is parallel to the magnetic field, and the angular momentum of the particles does not exist.
B. Comparison to the Experiment
The simulation of the magnetic fluid flow thorough the developed magnetic column was performed, and its result was compared to the experimental one. Magnetic particles are used in the experiment Fe O particles of 300 nm average diameter. In the experiment, pure water flows into the magnetic column with 5.0 mL/min velocity. Before flowing into the magnetic column, the magnetic particles are injected into the pure water for 1.0 s. Fig. 3 shows the time-varying concentration of the magnetic particles at the outlet of the magnetic column. The waveforms of the numerical and measured normalized intensity are comparable. Fig. 4 shows the concentration of the flow simulation on the horizontal cross section of the flow channel. The concentration distribution in the direction of width is almost uniform. Fig. 5(a) and (b) shows the concentration and the flow of the magnetic fluid on the vertical cross section, respectively. The meandering flow is observed only in front of the collective magnetic particles. The flow is almost straight after the front. The collective magnetic particles with susceptibility are filled inside the flow channel, so the magnetic field gradient weakens.
C. Simulation Result of the Proposed Method
D. Comparison to the Previous Simulation Method
To verify the effectiveness of the proposed method, its result is compared to that of the previously proposed simulation method [18] , in which the magnetic field is analyzed only once before simulating the time-varying fluid flow. Fig. 6 (a) and (b) shows the magnetic particle concentration and the flow obtained by the previous simulation method, respectively. The largely meandering flow continues after the front of the collective magnetic particles since the magnetic field changing by the magnetic particles isn't taken into account. The phenomenon of the previous simulation method is obviously different from that of the proposed simulation method.
V. CONCLUSION
We have developed the magnetic fluid simulation code for analyzing magnetic particle separation systems. Navier-Stokes, [18] . The largely meandering flow continues after the front of the collective magnetic particles.
control volume, and magnetic field equations are taken into account simultaneously in order to enhance the simulation accuracy.
The result of the developed simulation method was compared to the experimental one, with fairly good agreement. Then, the results of the previous and the newly developed simulation method were also compared. A wrong meandering flow was observed in the result of the previous simulation method. On the other hand, the newly developed simulation method was more accurate.
The developed code needs to be optimized since simulation time of the magnetic field analysis was 10 times that one of fluiddynamics analysis.
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